Introduction
Friction at the interface of die/workpiece is an important variable and has significant effects on both the workpiece and process variables such as deformation load, metal flow and surface quality, and internal structure of the product in metal forming processes. Therefore, the interface friction has to be understood and controlled. For effective friction control, effects of the deformation process variables, such as deformation speed, material type, and lubrication, must be treated together to investigate interaction effects among these variables. There are several methods developed for quantitative evaluation of friction at the die/workpiece interface in metal forming processes. The most accepted one is to define either a coefficient of friction, , specifically, the Coulomb law of friction or the interface frictional shear factor, m, a value varies from zero for frictionless interface to one for sticking friction. Although neither of them has universal acceptance for general cases, one or the other approach may be useful for a particular case. In the present study for the FE analysis, the Coulomb law of friction expressed as i ϭp where i is the frictional shear stress and p is the normal stress was used to model the interface friction.
Among all common methods for measuring the friction coefficient, the ring compression test has gained wide acceptance. It was originated by Kunogi ͓1͔ and later improved and presented in a usable way by Male and Cockcroft ͓2͔. This technique utilizes the dimensional changes of a test specimen to arrive at the magnitude of friction coefficient. When a flat ring specimen is plastically compressed between two flat platens, increasing friction results in an inward flow of the material, while decreasing friction results in an outward flow of the material as schematically shown in Fig. 1 . For a given percentage of height reduction during compression tests, the corresponding measurement of the internal diameter of the test specimen provides a quantitative knowledge of the magnitude of the prevailing friction coefficient at the die/ workpiece interface. If the specimen's internal diameter increases during the deformation, friction is low; if the specimen's internal diameter decreases during the deformation, the friction is high. Using this relationship, specific curves, later called friction calibration curves, were generated by Male and Cockcroft relating the percentage reduction in the internal diameter of the test specimen to its reduction in height for varying degrees of the coefficient of friction as shown in Fig. 2 .
After Male and Cockcroft published their well-known paper, there has been a great deal of research in order to justify its validity. Avitzur ͓3͔ and Hawkyard and Johnson ͓4͔ analyzed hollow disk theoretically assuming uniform distortion, i.e., no barreling, no strain hardening and most important, a constant interface friction shear factor, m, defined by i ϭm 0 /). Male ͓5͔ carried out a study in order to obtain variations in the friction coefficient of metal during compressive deformation at room temperature. His results showed that the coefficient of friction tended to increase with an increasing deformation rate for different metal under dry condition and with a solid lubricant. Later, Male ͓6͔ also investigated the applicability of ring compression test to typical metal forming processes. Male and DePierre ͓7͔ then investigated the validity of constant interface friction shear factor in order to characterize interfacial friction conditions during forging operation of hollow disk. They showed that the mathematical analysis of hollow disk carried out by ͓3͔ and ͓4͔ could be used for calibration of different ring geometries since their experimental ring test results for wide variety of material were in good agreement with theoretical curves. They also found that Avitzur's solution gave inaccurate values for m when the Male and Cockcroft's standard ring geometry of 6:3:2 was used, in fact, it doubled the true value of m. Since both and m were often used to characterize the same friction phenomenon at the die/workpiece interface, Male et al. ͓8͔ conducted a research in order to see which one more realistically defines friction condition in metal forming processes. They showed that m as a quantitative index for defining friction conditions in upset forging operations was more realistic than which underestimated frictional components of the deformation load. It was also found that the ring compression test is an accurate technique to determine true stress-true strain curve in typical metal forming operations and its accuracy was shown at high temperature and low strain rates. Later on, a reliable method was developed by DePierre and Gurney ͓9͔ for the ring compression test with or without bulge formation to obtain constant or various interface shear factor. By this model, they eliminated their previous limitation in ring geometry and interface friction shear factor. They showed that this model based on upper bound analysis made possible using different ring geometries with constant or varying m. Schey ͓10͔ conducted both twist compression and ring compression experiments with different lubricants explaining the validity of various friction concepts in deformation processes. Recently, Wang and Lenard ͓11͔ studied interfacial friction on hot ring compression test in which the strain rate and temperature were identified as the significant factors affecting the friction shear factor, m, at the interface of die/workpiece.
In this research, an attempt was made to address the dependency of the friction calibration curves obtained for the coefficient of friction, , on such factors as material properties, strain-rate sensitivity, and barreling. Black and white plasticine as soft ͑non-metallic͒ modeling materials and aluminum, copper, bronze and brass as metallic materials were used to conduct a number of ring compression tests. The necessary material parameters of plasticine for the finite element analysis were obtained from a series of the compression tests. The elastic-plastic finite element code ABAQUS was then used to simulate the ring compression test in order to investigate the effect of the above factors on the friction calibration curves.
Analysis of Metal Forming Processes
Metal forming analyses provide detailed information about the mechanics of various processes as well as the effect of various parameters on metal flow characteristics, product integrity, and tool wear. There are three primary methods for analysis of metal forming processes, namely, analytical, numerical, and Physical Modeling Technique ͑PMT͒. However, due to the inherent difficulties in utilizing such analytical methods as the slip-line field theory, the upper or lower bound theories, and the slab method, the applicability of analytical solutions is limited to cases involving simple geometries and boundary conditions. Recent developments in computer technology have made significant contributions toward the application of numerical methods, especially the Finite Element Method ͑FEM͒, for solving complex plasticity equations which are difficult and time-consuming to solve by analytical methods, and for analyzing the deformation mechanics of processes with complex geometries and boundary conditions. Successful implementation of analytical and numerical methods requires an accurate knowledge of material constitutive equations, process mechanics, and frictional conditions. Inaccurate information about any of these parameters can lead to erroneous results.
PMT offers an alternative and relatively inexpensive means of simulating metal forming processes. The underlying principle behind the PMT is to simulate the actual metal forming process by utilizing a model material and process geometry that closely resemble those in the actual metal forming process. The main advantage of the physical modeling approach over analytical and numerical methods is its relative simplicity and ease of implementation. It neither requires elaborate facilities or tooling, nor indepth knowledge of the theory of plastic deformation. In their review paper, Wanheim et al. ͓12͔ pointed out that interest in using nonmetallic modeling materials has increased since the beginning of the 1950's. They also explained how to design modeling experiments depending on the objectives and requirements to prevent erroneous and misleading conclusions about the actual metal forming processes. Utilizing plasticine as a soft modeling material, Altan et al. ͓13͔ predicted the required forming loads in extrusion and forging processes and Kawai and Kamishohara ͓14͔ simulated the internal stress condition of hot steel during forging processes. In addition to the above and many more studies, plasticine was used in the ring compression tests as a modeling material. Tanaka et al. ͓15͔ conducted ring compression tests using plasticine under various conditions in order to simulate the friction condition in open-die forging of hot steel. They concluded that the effect of the strain hardening exponent, n, of the ring material in power law equation, on the calibration curves was significant. Thus, an interpolation method based on FEM was developed to calculate the friction factor using the ring compression test at any given value of n.
Experimental Procedure and Results
"a… Constitutive Relationships for Black and White Plasticine. The true stress-true strain diagrams for both types of plasticine were obtained by conducting compression tests on 25.4 mm in diameter and 25.4 mm in height cylindrical specimens of both materials. The slab material was first shaped into a cylindrical specimen 76.2 mm in height and 25.4 mm in diameter by compressing the material into a PVC tube of 25.4 mm in diameter and 76.2 mm in length. Once the entire tube was filled, the modeling material was pushed out and then divided into three 25.4 mm in height segments. The two end segments were discarded while the middle segment, which was 25.4 mm in both diameter and height, was used in subsequent compression tests. The true stress-true strain relationships for both black and white plasticine are shown in Fig. 3 . Effect of strain-rate on the flow behavior of both materials was also investigated by conducting a series of compression tests at different deformation rates. Results are shown in Fig. 4 . As expected, both materials exhibited higher resistance to deformation with increasing strain-rates. Table 1 shows the flow behavior and strain rate sensitivity of the both materials presented in the form of power law equation.
"b… Ring Compression Tests. Plasticine test specimens for conducting the ring compression test are difficult to make because of their complex geometry and the physical nature of plasticine. A solid plasticine disk was first made without a hole by pushing ''a cookie cutter'' through a slab of plasticine that was thicker than the desired final height of the specimen. The disk was then placed in an aluminum ring having the desired height requirement. A sharp knife was used to cut off the excess material at the top and bottom of the aluminum ring. In order to make a hole at the center of the plasticine specimen, a plexiglas template was used to ensure that the hole was at the center of the specimen. The dimensions of the specimen used in this study were 50.8 mm, 25.4 mm, Transactions of the ASME and 16.93 mm in outside diameter, inside diameter, and height, respectively. The ring compression tests were then conducted by placing the specimens between two flat plexiglas platens. A small hole was drilled in the top platen to allow trapped air in the specimen to escape. The required compressive load was applied at a constant deformation rate of 5.1 mm/min. Talcum powder, teflon, and vaseline were used to simulate different degrees of friction. In each test, the lubrication agent was applied at the top and bottom surfaces of the specimen adjacent to the flat platens. Figure 5 shows the experimentally obtained friction calibration curves for black plasticine utilizing vaseline, teflon, and talcum powder as lubricants. This figure clearly shows that vaseline and teflon provide better lubrication conditions. However, when talcum powder was used as a lubricant, high frictional forces at the die/workpiece interface resulted in high friction coefficient resembling the no-lubricant case. In fact, after 45 percent deformation in height, talcum powder results in higher friction compared to the no-lubricant case.
A number of the ring compression tests were conducted and the friction calibration curves were also obtained for such metallic materials as aluminum, copper, bronze, and brass. The results were given with that of finite element analysis.
Finite Element Model and Results
In an attempt to determine the frictional calibration curves of black and white plasticine under various conditions, ABAQUS finite element code was employed in the simulation of simple compression of a cylindrical ring, 50.8 mm in outside diameter, 25.4 mm in inside diameter, and 16.93 mm in height. Due to the axisymmetric nature of this problem, as well as the existence of two axes of symmetry within each plane, a 2-D model representing one quarter of the cylindrical ring was constructed. A total of 2448 quadrilateral elements of type CAX4 were used to model the billet ͑specimen͒. The contact between the specimen and the rigid compression platens was modeled via the *CONTACT PAIR option. The billet surface was defined by means of the *SURFACE DEFINITION option while the rigid top and bottom compression platens were modeled using the *RIGID SURFACE option. It is important to note that as the upper and lower compression platens approach each other, material originally on the lateral surface of the specimen moving in a radial direction may ultimately appear at the specimen-platen interfaces. It is thus necessary to lubricate the lateral surface of the specimen as well as the end faces and the platens in the experiments and to define interface element on the lateral surface of the billet in the finite element modeling. A rigid body reference node was defined at the rigid surface along the axis of the specimen to control the deformation rate. Figure 6 depicts the finite element model used in this analysis. In order to generate the friction calibration curves, deformation rate, V, was kept constant at 5.1 mm/min, while the coefficient of friction was set at 0.0, 0.01, 0.03, 0.05, 0.08, and 0.1. Finite element simulations were carried out until 60 percent height reduction was reached at each of the above values of friction coefficients, . The friction calibration curves were then generated by plotting the percentage reduction in the internal diameter against the percentage reduction in the height of the model at different values of friction coefficient. Friction calibration curves for white and black plasticine are presented in Figs. 7 and 8 , respectively. The effect of material strain rate sensitivity on friction calibration curve was obtained by using both rate-dependent as well as rate-independent material models in the finite element analysis.
"a… Effect of Material Property. In order to show the effect of material properties on the friction calibration curves, two different modeling materials, namely black and white plasticine, were used in generating the friction calibration curves. The results of the friction calibration curves obtained utilizing different material models are presented in Figs. 7 and 8 for white and black plasticine, respectively. As evident from these figures, the behavior of friction calibration curves obtained for deformation of plasticine differ somewhat from those given by Male and Cockcroft in Fig. 2 , except for the frictionless case. In Fig. 9 , the results of friction calibration curves for a given friction coefficient and deformation speed are superimposed to show the effect of material type on the deformation response curves for both black and white plasticine. For frictionless case ͑Fig. 9͑a͒͒, both curves are identical. However, for values of greater than zero, the distinction between the curves for black and white plasticine becomes more clear.
The friction calibration curves obtained for metallic materials at different values of are shown in Figs. 10-13 for aluminum, copper, bronze and brass, respectively. In these figures, the results for both experimental and finite element analysis are plotted on the same graph for comparison. These figures indicate that material property plays an important role in the behavior of friction calibration curves.
"b… Effect of Barreling. Since the barreling effect is a common occurrence during the upsetting processes, the effect of barreling on the calibration curves was investigated at constant deformation speed of Vϭ5.1 mm/min. The main idea here was to show that, depending on whether the expansion of the specimen is measured at the top or middle sections of the specimen, different friction calibration curves will be obtained. Figure 14 shows the barreling effect on the calibration curves for white plasticine, while Fig. 15 shows the barreling effect on the calibration curves for black plasticine. Figures 14 and 15 indicate that for both types of plasticine, the ''mushrooming'' or increase in internal diameter at the middle of the specimen is more than the increase in internal diameter at the interface for the lower friction coefficients ( Ͻ0.05). For ϭ0.05, the deformation of internal diameter at the interface and at the middle of the specimen is almost the same. However, the ''barreling'' or the decrease in internal diameter at the middle of the ring specimen is more than the decrease in internal diameter at the interface for friction coefficient greater than 0.05 (Ͼ0.05). In other words, ''mushrooming'' effect increases with decreasing friction, while ''barreling'' effect increases with increasing friction coefficient.
"c… Effect of Strain-Rate. The above results were obtained using isotropic strain hardening and rate-dependent material models. Utilizing a rate-independent material model, and keeping all other parameters fixed, the effect of material rate dependency on friction calibration curves was obtained. As shown in Fig. 16 for white plasticine, and Fig. 17 for black plasticine, the strain rate dependency of the material makes a difference on the shape of friction calibration curves for both black and white plasticine. In other words, in developing friction calibration curves, the deformation rate of ring specimen will affect the frictional condition and must be taken into account.
Discussion and Conclusions
Friction condition is one of the most important and frequently ignored factors in metal forming operations. In order to identify frictional effects in metal forming processes involving large deformations, one must ensure that the method used to determine the friction at the die/workpiece interface has to be checked for its validity. In this research, the effect of material properties, strainrate sensitivity, and barreling on the behavior of friction calibration curves obtained from the ring compression tests was investigated.
The results of current study indicate that all the investigated factors play an important role in the behavior of friction calibration curves. This is evident, for example, from Fig. 9 for material properties, showing the clear different friction calibration curves for two soft modeling materials at different 's. It should be noted here that since plasticine is a soft material and has a low flow stress, small range of strains and strain rates were used during the course of this study. Small discrepancies in the nature of friction calibration curves, therefore, cannot be ignored. Moreover, the results of the experiments and the finite element analysis for metallic materials shown in Figs. 10-13 also indicate that the friction calibration curves are dependent on material properties. It is further shown that the rate of strain and barreling both play an important role on the behavior of the friction calibration curves. The dependency of the friction calibration curves on the material properties and strain rate was also proven by Wang and Lenard ͓11͔. Carter and Lee ͓16͔ simulated the ring compression test by employing ADINA finite element code and generated the friction calibration curves for 6061 T6 aluminum. They found a disagreement with the calibration curves obtained by Male and Cockcroft. This disagreement or inconsistency was attributed to assumptions of no barreling of the deforming specimen and a constant friction coefficient across the interface.
In conclusion, although the ring compression test is an effective method for determining the friction coefficient during large deformation processes, the use of generalized friction calibration curves, regardless of the material type and test conditions, must be avoided. It is therefore recommended that for obtaining reliable data regarding the coefficient of friction, the results of ring compression tests be used in conjunction with calibration curves generated specifically for the material under investigation and under the specific test conditions. Nomenclature ϭ true stress, MPa i ϭ frictional shear stress at the die/workpiece interface, MPa ϭ coefficient of friction at the die/workpiece interface m ϭ interface frictional shear factor at the die/workpiece interface p ϭ normal stress at the die/workpiece interface, MPa ϭ true strain, mm/mm ϭ true strain-rate, mm/mm s K ϭ strength coefficient, MPa n ϭ strain hardening exponent C ϭ strain rate coefficient, MPa m ϭ strain rate sensitivity exponent
